Historically, plant pathogenic pseudomonads have been classified into numerous species on the basis of putative specific pathogenicity for certain hosts. This practice of naming a bacterium a "new" nomenspecies simply on its ability to cause a disease on a different plant host has both merits and faults (26, 27). It was a convenient way for early plant pathologists to designate the unique pathogenic properties of a bacterium, but it also resulted in placing the same organism in different species simply because the host range had not been sufficiently tested and defined.
The phenotypic relationship among the phytopathogenic fluorescent pseudomonads has been studied in recent years by Lelliott et al. (1 1 ), Misaghi and Grogan (1 7), and Sands et al.
(23).
On the basis of several physiological and biochemical tests, Lelliott et al. (1 1) proposed combining various plant pathogenic and saprophytic fluorescent pseudomonads into five arbitrarily delineated groups. They were unable to differentiate further among the cytochrome oxidase-negative pathogens in one of the groups (group 1) which contained most of the plant pathogens.
On the basis of nutritional and physiological characteristics, Misaghi and Grogan (1 7) and Sands et al. (23) separated the phytopathogenic and saprophytic pseudomonads into groups similar t o those proposed by Lelliott et al. (1 1). Although all of these workers were able clearly to differentiate the plant pathogenic from the saprophytic pseudomonads, they were unable to show any clear differentiation among the group 1 fluorescent plant pathogens.
The inability of these workers t o find significant phenotypic differences among the fluorescent plant pathogens was due either to the lack of real differences or to the use of tests that were too limited or biased. Subsequent attempts by Billings ( 1, 2) t o differentiate some of these same pathogens by utilizing phage sensitivity as well as nutritional, physiological, and biochemical tests also failed t o reveal clear-cut differences.
A sounder basis for detecting phylogenetic relationships is deoxyribonucleic acid (DNA)-DNA hybridization. This approach with pseudomonads has recently been exploited by Palleroni et al. (20) , who showed a close relationship among a few nomenspecies of fluorescent plant pathogens and a more distant relationship of this group t o saprophytic fluorescent species.
In this study a larger spectrum of nomenspecies of plant-pat hogenic fluorescent pseudomonads was tested by DNA-DNA hybridization t o determine their relative genetic relatedness to each other and t o the saprophytes Pseudomonas fluorescens and Pseudomonas putida.
MATERIALS AND METHODS
Bacterial strains. The Pseudomonas strains employed and their sources are listed in Table 1 . All strains were tested with respect to the cytochrome oxidase and arginine dihydrolase reactions, capacity to cause potato soft-rot, and the hypersensitive reaction on tobacco using the techniques of Misaghi and Grogan ( 17) .
Host pathogenicity tests. Strains tested for pathogenicity and the test hosts are shown in Isolates of Pseudomonas cichorii and Pseudomonas marginalis were also tested by applying drops of bacterial suspensions (about lo8 cells/ml) on young inner leaf petioles and wounding with a sterilized dissecting needle.
Isolates of Pseudomonas tomato also were tested by applying drops of bacterial suspensions (about lo8 cells/ml) on young tomato fruit and wounding with a sterilized dissecting needle. In vitro DNA-DNA hybridization experiments: DNA preparations. Cells for DNA extraction were grown in medium 523 as described by Kado et al. (10) . Prior to isolation of DNA, the bacteria were harvested by centrifugation, washed, and resuspended in 0.15 M NaCl and 0.1 M ethylenediaminetetraacetic acid (EDTA; pH 8.0). After a second centrifugation, cells were resuspended in and lysed with 1.0% sodium dodecyl sulfate in 0.1 M tris(hydroxyme thy1)aminomethane (TRIS-SDS; pH 9.0) (1 8). After a preliminary extraction with liquefied phenol, the DNA was isolated by the method of Marmur (16) . Radioactive INT. J. SYST. BACTERIOL.
DNA was produced by growing cultures in the standard mineral base described by Stanier et al. (25) supplemented with vitamin-free Casamino Acids (4 g/liter) and sodium lactate (4 glliter) and with 50 pCi each of uracil-2-' 4C (specific activity 52 mCi/mmol) and adenine8 ' C (specific activity 56 mCi/mmol) per 200 ml of culture fluid.
DNA base composition. The percent GC (moles of guanine plus cytosine) was determined by the thermal denaturation method of Mandel and Marmur (15) . DNA was diluted in a 1:9 dilution of 0.015 M NaCl and 0.0015 M sodium citrate (SSC) to approximately 50 pg/ml, and a deoxyadenosine solution in 0.1 X SSC of equal absorbancy at 260 nm was used as reference. The sample was melted in a Beckman Acta 111 dual beam recording spectrophotometer equipped with matching thermal cuvette holders, inductive stirrers, and a linear temperature programmer connected to a calibrated platinum thermocouple probe (kO.00 1 C) positioned dlrectly in the DNA solution during melting (Gardner and Kado, unpublished data). The temperature was increased at a rate of 0.5 C per min through the range of melting temperature. Melting curves were recorded on a Honeywell X-Y recorder.
DNA immobilization. Native DNA was denatured by boiling for 10 min in 0.1 X SSC (50 pg/ml) and was quickly cooled and diluted to 5 pg/ml with cold 6 X SSC. Denatured DNA was immobilized on 47-mm membrane filters (B6, Schleicher and Schuell) by slow filtration (7) . The filters were washed with 50 ml of 6 X SSC, dried in air overnight, and then dried for 2 h in a vacuum oven at 80 C. Small disks, 10 mm in diameter, were cut from the filters with a paper punch and stored at 4 C. The amount of DNA retained on the 10-mm disks was determined by the diphenylamine test (3) and found to be about 15 to 20 pg per disk. Tests indicated that 80% or more of the immobilized DNA was retained after 16 h of incubation at 54 C and 70% or greater at 64 C.
DNA hybridization. Single-point competition reactions, adapted from the procedures of Johnson and Ordal (9) and DeLey and Tijtgat ( 5 ) , were used. Filters were immersed singly in a solution which contained 1.0 pg of denatured, labeled DNA fragments homologous to the DNA on the 10-mrn filters (reference DNA) and 150 pg of denatured competitor DNA fragments. Dimethyl sulfoxide (9 pliters) and 11.7 X SSC (5 pliters) were added to the solution so that the final volume was 0.30 ml with a salt concentration of 2 X SSC in 30% dimethyl sulfoxide (to be called hereafter 2SSC-DMSO). The use of DMSO provided high specificity of the hybridization reaction and minimized loss of DNA from the filters ( 5 , 22). Competitor and labeled DNA preparations, in 0.1 X SSC, had been sheared by passage through a French pressure cell at about 10,000 lb/in2 (13) and denatured by heating in a boiling water bath for 10 min. The amount of competitor DNA was sufficient to reach the necessary saturation plateau for single-point competition tests. The reaction vials were gently shaken for 16 h at 53 or 54 C (optimum temperatures, i.e., those which allow maximum reannealing of DNA while maintaining specificity) and at 63 or 64 C (stringent temperatures, i.e., those which allow duplex formation to occur only between very closely related polynucleotide sequences). These temperatures correspond to approximately 25 and 15 degrees below the melting point of the reference DNA determined in 2SSC-DMSO in which the melting point of bacterial DNA is 19 degrees lower than in 2 X SSC alone ( 5 ) . After incubation, the filters were washed in three changes of 2SSC-DMSO and two changes of 2 X SSC at the temperature of incubation, dried, and counted with a liquid-scintillation counter. The homology values were calculated by dividing the depression in bound counts resulting from 150 pg of the heterologous competitor DNA by the depression resulting from 150 pg of the unlabeled homologous fragments, i.e.: [(counts without competitor DNA-counts with heterologous DNA)/(counts without competitor DNAcounts with homologous DNA)] X 100 = % homology. Table 1 were recorded as positive if tissues became water soaked followed by necrosis. Only pathogenic isolates were included, and strains chosen as references were those which produced the most severe symptoms. Although other criteria could be used in selecting the reference strains, pathogenicity is the most practical criterion for defining a plant pathogenic bacterium.
RESULTS

Pathogenicity tests. Pathogenicity tests on the hosts listed in
Mean DNA base composition. Table 2 includes the mean base composition (mol % GC) of DNA from each reference strain based on a minimum of three independent determinations.
As previously reported (4, 8, 14), the mean DNA base compositions of fluorescent phytopathogenic pseudomonads do not differ significantly, ranging from 57 t o 60% GC (8) .
In vitro DNA-DNA hybridization experiments. The results of competition experiments with 6 reference strains are given in Table 2 . The percent DNA-DNA homology t o the reference strains is given for both optimum (54 or 53 C) and stringent (64 or 6 3 C) annealing conditions.
DISCUSSION
Fluorescent plant pathogenic pseudomonads: intra-and intergroup relatedness. DNA homology studies by Palleroni et al. (20) have shown that the fluorescent pseudomonad plant pathogens belong to a single, interrelated group referred t o as the "P. fluorescens complex," which contains members of the "fluorescent" and "alcaligenes" groups, the "stutzeri" group, and the fluorescent phytopathogenic species. 
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Results of this study support this view: all of the reference strains of fluorescent phytopathogenic species showed low but significant genetic relatedness (7-29%) t o other members of the fluorescent group tested (P. jluorescens, P.
putida, and P. marginalis) (Fig. 1) . This study shows in addition that within the fluorescent phytopathogenic nomenspecies studied there are distinct homology groups. Four of these groups with relatively high internal relatedness are defined henceforth as "genotypic groups" provisionally designated as: "syringae," "morsprunorum," "viridiflava," and "cichorii," and two other groups, designated "tomato" and "marginalis," seemed to be distinct, but their internal homogeneity is unknown because no reference strains were used.
Nomenspecies assigned t o the syringae, morsprunorum, and cichorii groups were defined as having 68% or more homology t o the respective reference strains at both optimum and stringent conditions (Table 2) . A similarly high level of homology could not be used in assigning strains t o the viridiflava group because of the wider variation in homology shown among strains in this group. Strains assigned t o the viridiflava group were defined as having 33% or more homology t o the reference DNA of the viridiflava group (Table 2) . Nomenspecies were arbitrarily assigned t o the tomato and marginalis groups on the basis of having similar homology values to DNA from all reference strains tested, but their degree of interrelatedness is not known.
The syringae group. Four nomenspecies (P. aptata, P. synngae, Pseudomonas panacis, and Pseudomonas pisi) were placed in the syringae group because of their high intragroup similarities (7 1-1 00%). This arbitrarily defined genotypic grouping agrees with the limits defined by Sands et al. (23) who, on the basis of a positive-only Adansonian analysis of the phenotypes, also included these four nomenspecies in their phenotypic syringae subgroup 1 -F.
The five test isolates of P. syringae, although purposefully chosen from diverse host and geographical locations, showed very high DNA homology values at optimum and stringent temperatures, results which agree with data reported previously for two other P. syringae isolates (20) .
P. aptata isolates also had tight clustering of homology values. Of the four nomenspecies included in the syringae group, P. aptata and P. syringae were the most closely related. This close relationship is supported by pathogenicity tests which have shown that these two pathogens can cross-infect their respective hosts, sugarbeet and peach, and produce similar symptoms (1 9).
The syringae group appears to be more closely related t o the morsprunorum and tomato groups than t o the viridiflava, cichorii, and marginalis groups (Fig. 1) . The close relationship between the syringae, morsprunorum, and tomato groups also is supported by the very close phenotypic relatedness demonstrated between nomenspecies in these three groups (1 1 , 17, 23) The morsprunorum group. P. morsprunorum, P. phaseolicola, P. tabaci, P. mori, P. lachrymans, P. glycinea, and P. savastanoi were placed together in the morsprunorum group because of their high intragroup similarities (75-1 00%). As in the syringae group, nomenspecies of the morsprunorum group differ in the plants they attack, in symptoms they produce, and in their respective disease cycles but are quite similar in nutritional and physiological characteristics (1 1, 17, 23). The tightest homology clusters were always formed among strains of each nomenspecies used as references; furthermore, no overlapping homology values were detected between strains of different nomenspecies.
Some workers have suggested that P. morsprunorum and P. syringae constitute a single species, based on nonspecific serological data which indicated certain isolates of the two species were of the same serotype (12, 19) . Garrett et al. ( 6 ) showed, however, that separation of the two species is justified on the basis of phenotypic criteria, i.e., pathogenicity and physiological tests. Further suggestive evidence for separating these two nomenspecies was provided by Palmer et al. (21) through disk-gel electrophoretic analysis of soluble proteins. The data presented herein fully substantiate the view that P. syringae and P. morsprunorum are distinct, and their separation seems clearly justified.
The tomato group. Evidence for grouping the pathogens which constitute the tomato group is tenuous and arbitrary. This group is comprised of nomenspecies with similar and relatively high homology values (31-67%) for P. syringae and P. morsprunorum references, but somewhat less for the P. viridiflava and P. cichorii references. 
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P. tomato in a separate group from the nomenspecies in other groups. Unfortunately, none of the other nomenspecies listed in our tomato group were included in the studies of Palleroni et al. (20) . From the available data we can only be sure of the relationship these organisms have t o those strains run as reference. Thus the degree of genetic relatedness within the tomato group must await future studies. The viridiflava group. Two strains received as P. viridiflava and two strains of cytochrome oxidase-negative fluorescent pseudomonads isolated from the roots of barley and sugarbeet collected near Davis, California, were included in the viridiflava group (Table 2 ). All four isolates were cytochrome oxidase negative and arginine dihydrolase negative and caused a hypersensitive reaction on tobacco but had the ability t o induce potato soft rot. The only cyt o chro me oxid ase-nega tive fluorescent pseudomonad reported t o have this ability is P. viridiflava (2, 11, 17) . With DNA from the cy t ochrome oxidase-negative root pseudomonad, strain G-15, as reference, the two strains of P. viridiflava showed a level of genetic relatedness at least as high as the other root pseudomonad strain, RH-B 1 (Table 2) . Thus, the results indicate that all four strains should be considered as P. viridiflava. The homology values in Table 2 also indicate that, contrary t o Billing's conclusion that P. viridiflava is most closely related t o P. syringae ( l ) , it is distinct and shares about equal genetic relatedness to the syringae, morsprunorum, cichorii, and tomato groups (Fig. 1) .
This and other studies (2, 11, 17, 23) indicate that P. viridiflava is most closely related t o the cytochrome oxidase-negative fluorescent pseudomonad plant pathogens, but in nutritional and ecological respects it is more similar to saprophytic fluorescent pseudomonads. The available evidence suggests that P. viridiflava is a somewhat heterogeneous, ubiquitous organism, usually occurring as an epiphyte but with some pathogenic potentialities enabling it t o act as a weak pathogen under suitable conditions (2, 1 I , 17, 23) .
The cichorii group. P. cichorii is physiologically similar t o the cytochrome oxidasenegative, fluorescent, phytopathogenic pseudomonads except for being cytochrome oxidase-positive and somewhat more nutritionally versatile (1 7, 23).
The four strains within the cichorii group had a high level of genetic relatedness but a very low genetic relatedness (particularly at stringent conditions) with all other fluorescent plant pathogens (2 t o 45%) (Fig. 1) . Thus, P. cichorii appears to be a distinct genotypic species. These findings agree with the results of Palleroni et al. (20) , who also found a similarly low genetic relatedness between the one strain of P. cichorii tested and other Pseudomonas species.
The marginalis group. The plant pathogenic capability of P. marginalis reportedly distinguished this nomenspecies from saprophytic fluorescent pseudomonads. Misaghi and Grogan (17) and Sands et al. (23) showed that the nutritional capability of P. marginalis is very similar to that of the saprophytic P. fluorescens and P. putida. Stanier et al. (25) classified P. marginalis as P. fluorescens biotype B. Palleroni et al. (20) reported that the highest DNA genetic relatedness shown with P. fluorescens biotype B (= P. marginalis) as reference was t o biotypes of the saprophytic species P. fluorexcenx and P. putida. Both of these species showed moderately high (17-59%) and overlapping interstrain genetic relatedness with the biotype B reference strain but much lower genetic relatedness (9-27%) with the plant pathogens. Our data also support the view that P. marginalis is more closely related t o P. fluorescens than to the plant pathogenic species (Table 2) . P. marginalis may be an example of an "accidental" plant pathogen which is normally saprophytic, but further work may disclose homology clusters within the biotypes of P. fluorescens described by Stanier et al. (25) , and P. marginalis may emerge as a discrete cluster.
Homology, habitat, and plant-specificity relationships. The uniformity of homology values within groups and nomenspecies of fluorescent phytopathogenic pseudomonads is not surprising in view of their close association with specialized plant hosts. It suggests that they are forms which may have become stabilized with their hosts through a long period of selection pressure. It is, of course, also possible that they are of relatively recent origin and that they have been distributed in association with their hosts. The uniformly tight homology values shown among the fluorescent pathogens are in sharp contrast to the wide range of homologies found by Palleroni et al. (20) in the fluorescent saprophytic species, P. fluorescens and P. putida; it is interesting to speculate that the wide variation in homology values observed in these saprophytes is a result of less stringent selection pressure.
The variability of genetic homology within the viridiflava group may also be a result of less stringent selection pressure for ability to parasitize a particular plant host. As previously INT. J. SYST. BACTERIOL. noted, organisms within this group usually occur epiphytically in nature on a wide variety of plants.
Plant specificity may be loosely defined as having a better ability t o grow parasitically in plants than in soil or on plant surfaces. Regrettably, however, present knowledge of host specificity is sadly lacking. Hopefully, future studies entailing careful and extensive cross-inoculation tests on all nomenspecies of plant pathogens will remedy this inadequacy.
Taxonomy. Sands et al. (23) proposed classifying all arginine dihydrolase-negative fluorescent plant pathogens in the two species P. syringae and P. cichorii. Their reasons for this proposal were that the paucity of data from standardized cross-inoculations did not permit verification of the host ranges or host specificity of the nomenspecies and that the resolution of the phenotypic clusters representing various nomenspecies was insufficiently clear to distinguish among the species.
The forthcoming 8th edition of Bergey's Manual will place all arginine dihydrolasenegative phytopathogenic fluorescent pseudomonads, except P. cichorii, in a single species, P. syringae, with other present nomenspecies designated as subspecies or biotypes. Apparently this was done because, in the DNA hybridization studies of Palleroni et al. (20) , in which a small sampling of plant pathogenic fluorescent pseudomonads was included, the range in genetic relatedness between species was no greater than that within the saprophytic species P. fluorescens or P. putida. Thus, it seems that the range of genetic relatedness found in the saprophytic species was used to define the plant pathogenic species.
In the homology studies of Palleroni et al. (20) , two species, P. mendocina and P. aeruginosa, showed a high interstrain DNA homology of 90% or greater, and the authors stated that "these two groups represent what might be considered t o be 'ideal' bacterial species." If so, several of the plant pathogenic fluorescent pseudomonad nomenspecies are also "ideal" bacterial species.
The nomenclature of the fluorescent plant pathogens is further complicated because no suitable constellation of phenotypic characters has been found for easy identification. Obviously, identification of an unknown strain by performing DNA hybridization with all known nomenspecies is not practical. It seems clear that more thorough study, perhaps using characters not employed in previous studies, is necessary t o find phenotypic differences between these apparent genotypic clusters before a useful determinative taxonomic scheme can be developed.
We feel that the phenotypic and genotypic differences between many plant pathogenic fluorescent Pseudomonas nomenspecies is not sufficient t o justify each being designated a separate species. However, the genetic differences evidenced by DNA homology appear to be great enough to justify the grouping of certain nomenspecies. Until better phenotypic characters are found to distinguish between the genetic groups reported herein, one possible solution would be to assign the one name, P. syringae, to all cytochrome oxidase-negative plant pathogens and t o subdivide them into genetic groups on the basis of the DNA homology results reported herein.
Another possible alternative would be t o recognize each genotypic group as a separate species. Also, host specificity, where well defined, could be indicated by recognition of formae speciales.
